Heme oxygenase (HO)-1 is a protective antioxidant enzyme that prevents cardiomyocyte apoptosis, for instance, during progressive cardiomyopathy. Here we identify a fundamental aspect of the HO-1 protection mechanism by demonstrating that HO-1 activity in mouse heart stimulates the bigenomic mitochondrial biogenesis program via induction of NF-E2-related factor (Nrf)2 gene expression and nuclear translocation. Nrf2 upregulates the mRNA, protein, and activity for HO-1 as well as mRNA and protein for nuclear respiratory factor (NRF)-1. Mechanistically, in cardiomyocytes, endogenous carbon monoxide (CO) generated by HO-1 overexpression stimulates superoxide dismutase-2 upregulation and mitochondrial H 2 O 2 production, which activates Akt/PKB. Akt deactivates glycogen synthase kinase-3␤, which permits Nrf2 nuclear translocation and occupancy of 4 antioxidant response elements (AREs) in the NRF-1 promoter. The ensuing accumulation of nuclear NRF-1 protein leads to gene activation for mitochondrial biogenesis, which opposes apoptosis and necrosis caused by the cardio-toxic anthracycline chemotherapeutic agent, doxorubicin. In cardiac cells, Akt silencing exacerbates doxorubicin-induced apoptosis, and in vivo CO rescues wild-type but not Akt1 Ϫ/Ϫ mice from doxorubicin cardiomyopathy. These findings consign HO-1/CO signaling through Nrf2 and Akt to the myocardial transcriptional program for mitochondrial biogenesis, provide a rationale for targeted mitochondrial CO therapy, and connect cardiac mitochondrial volume expansion with the inducible network of xenobiotic and antioxidant cellular defenses. (Circ Res. 2008;103:1232-1240.) Key Words: mitochondria Ⅲ heme oxygenase Ⅲ carbon monoxide Ⅲ NF-E2-related factor 2 Ⅲ nuclear respiratory factor-1
scription factor A (Tfam), necessary for mitochondrial biogenesis. 2, 10 CO binding to the reduced a 3 heme of cytochrome c oxidase also enhances mitochondrial hydrogen peroxide (H 2 O 2 ) production, which despite its potential toxicity, serves signal transduction 11 and contributes to retrograde activation of mitochondrial biogenesis. 2, 10 CO activates the prosurvival phosphatidylinositol-3 (PI3)-kinase/Akt pathway, and Akt phosphorylates NRF-1, an integral transcription factor for mitochondrial biogenesis, [12] [13] [14] before it enters the nucleus, 15 but how CO activates the transcriptional programming is not known.
HO-1 activation by PI3-kinase/Akt as well as transcriptional regulation of Hmox-1 by NF-E2-related factor (Nrf)2 16, 17 puts HO-1 in a position to exert oxidationreduction (redox) control over cell processes. A basic leucine zipper transcription factor, Nrf2 is activated by electrophiles and reactive oxygen species, and enhances cell-protective gene expression by interacting with ARE motifs usually located 5Ј to the transcription start site (TSS). 18 -21 Nrf2 is sequestered in the cytoplasm by Kelch-like ECH-associated protein (Keap)1, which represses its transcriptional role, 22 but oxidation of cysteine-rich Keap1 frees Nrf2 to enter the nucleus to participate in ARE transactivation. 18, [23] [24] [25] Many electrophiles also enhance Nrf2 gene transcription, and the Nrf2/Keap1 complex is regulated by specific protein kinases 24, 26 such as glycogen synthase kinase (GSK)3␤, which inhibits Nrf2 nuclear translocation. 27, 28 Here we analyzed the NRF-1 promoter for ARE motifs and examined the hypothesis that endogenous CO stimulates mitochondrial H 2 O 2 production and induces NRF-1 responsive genes via Nrf2 occupancy of NRF-1 promoter sites to increase NRF-1 expression and activity. By implication, HO-1 would serve mitochondrial biogenesis through transcriptional integration with the major antioxidant enzyme defenses. Our findings delineate a new role for HO-1/CO in the coordination of mitochondrial biogenesis as well as a previously unsuspected Nrf2-based redox component for the regulation of mitochondrial mass in the heart.
Materials and Methods

Materials
Antibodies to citrate synthase, GSK3␤, Nrf2, Bach1, Bid, Bcl xl , and PolRMT were obtained from Santa Cruz and to caspase 3, Akt, Ser473-phospho-Akt, phospho-GSK3␤, and phospho-Bad from Cell Signaling. Phospho Ser/Thr/Tyr antibody was from AnaSpec and antitubulin and porin from Sigma. NRF-1 and Tfam antibodies were developed and characterized in our laboratory. 2, 10, 15 All secondary and fluorescent antibodies were from Invitrogen. My-Akt expression vector was from Origene; HO-1 and mCAT vectors were developed and characterized in house. 2, 10 Small interfering (si)RNA oligonucleotides were from Ambion.
Animals
Studies of mice were approved by the Institutional Animal Care and Use Committee: male 10 to 12 week-old C57BL/6 or Akt1 Ϫ/Ϫ (Jackson) or transgenic mice that express green fluorescent protein (GFP) in mitochondria (mtGFP-tg, gift from Hiroshi Shitara and Hiromichi Yonekawa of Tokyo Metropolitan Institute of Medical Science). 29 Akt1 Ϫ/Ϫ /mtGFP-tg hybrids were generated by crossbreeding. Cardiomyopathy was induced by 1 injection of doxorubicin (Dox, Sigma-Aldrich; 15 mg/kg IP). 2 At appropriate times, mice were anesthetized, aortas transected and the hearts removed and snap-frozen. For histology and TUNEL staining, hearts were perfusion-fixed with 0.9% NaCl followed by 10% formalin. Serial changes in cardiac function were assessed noninvasively in sedated mice by Doppler ultrasound (Visual Sonics Vevo 770).
Cell Culture
Murine atrial cardiomyocyte HL-1 cells, a generous gift from Dr William C. Claycomb (LSU Medical Center), were cultured in Claycomb medium with 10% FBS, 100 mol/L norepinephrine, and 4 mmol/L L-glutamine in gelatin/fibronectin-coated flasks or plates. Rat neonatal cardiomyoblasts (H9c2 cells) were cultured as before. 2, 10 Cells were cultured at 37°C with 5% CO 2 and 95% air. Cells were transfected with empty or siRNA vectors using the FuGene HD transfection reagent (Roche) and efficiencies of 65-80% transfection and gene suppression achieved. Dox and dichloromethane (DCM) (CO-releasing molecule) were used as reported. 10
Immunomethods
Western blots were performed on cell and heart lysates and nuclear extracts after protein separation by SDS-PAGE. After transfer, primary and secondary antibodies were applied and the signals developed with ECL. Bands were quantified on digitized images from the mid-dynamic range, and data expressed relative to tubulin or ␤-actin. 30 Immunoprecipitation was performed as described. 10, 15 Cells or tissues were immunolabeled with primary antibodies to HO-1 (1:200), Nrf2 (1:100) or NRF-1 (1:200) and immunofluorescence quantified. 2, 10 mtDNA Copy Number and Respiratory Proteins mtDNA was determined by SYBR green quantitative PCR (qPCR). Fluorescence intensities were recorded and analyzed on an ABI Prism 7000 sequence-detector system (Applied Biosystems). mtDNA-encoded cytochrome c oxidase subunit I and NADH dehydrogenase subunit I were quantified by RT-PCR and normalized to nuclear-encoded 18S and/or GAPDH. 2, 10 Real-Time PCR qPCR was performed using an ABI PRISM 7000 Sequence Detection System with TaqMan gene expression and premix assays (Applied Biosystems). The primer pairs are shown in Table I in the online data supplement, available at http://circres.ahajournals.org. 18S RNA served as an endogenous control. 2, 10 Quantification of gene expression was determined using the comparative threshold cycle C T and RQ method.
Bioinformatics
Promoter analysis was performed with consensus sequences for transcription factor binding located with DNASIS (Hitachi Software; Alameda, Calif) and confirmed with MatInspector (Genomatix Software; München, Germany). Putative ARE canonical binding sites of 92% to 100% homology were identified (Ensembl Gene ID ENSMUSG00000058440). NRF-1 promoter regions were analyzed for ARE consensus motifs for the mouse, rat, and human.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) assays were performed as described. 2, 31 Heart samples were evaluated for Nrf2 enrichment by quantitative real-time PCR (qPCR) in 20 L mixtures of SYBR Green master mix and 0.1 mol/L primer. Nrf2 enrichment was evaluated using primers for regions upstream of the mouse NRF-1 genes (sequences available on request). The relative efficiency of each PCR primer was determined using input DNA and adjusted accordingly. DNA in each ChIP sample was normalized to the corresponding input chromatin (⌬C t ) and enrichment defined as change in C t in treated versus untreated control samples (⌬⌬C t ), relative to IgG. Exponential ⌬⌬C t values were converted to linear values (2 -⌬⌬C t ) for graphics.
Statistical Analysis
Grouped data are expressed as the meansϮSEM for nϭ4 to 6 replicates. Statistical significance was tested with the unpaired Student's t test or two-way analysis of variance using commercial software. Differences were considered significant at PϽ0.05.
Results
Nuclear Nrf2
One hour of CO breathing reinforced HO-1 gene expression and enzyme activity in the mouse heart in vivo ( Figure 1A ). 2 Because Hmox-1 promoter contains multiple ARE motifs, we examined cardiac Nrf2 expression and activation by CO and found increased nuclear Nrf2 localization at 12 hours by confocal microscopy (Figure 1B) , confirmed by Western analysis of nuclear protein ( Figure 1C ). This CO dose produced a 3-fold increase in cardiac Nrf2 mRNA levels by 6 hours ( Figure 1D ) and protected against Dox cardiotoxicity as shown by stability of ventricular ejection fraction using serial ultrasound measurements ( Figure 1E ). The Nrf2 response to CO was examined in neonatal rat cardiomyoblasts and beating mouse cardiomyocytes (HL-1 cells) with the same results. At low concentrations of DCM/CO (50 mol/L), nuclear Nrf2 content increased by more than fivefold (data for HL-1 cells shown in Figure 2A , top). Also in HL-1 cells, DCM/CO disrupted the Nrf2 association with Keap1, an effect not observed in cells transfected with mitochondrial-targeted catalase (mCAT) and indicating an oxidant mechanism (Figure 2A , bottom).
DCM/CO increased HO-1 mRNA levels 3-fold and mitochondrial superoxide dismutase (SOD)2 mRNA fourfold, whereas Nrf2 gene silencing abrogated the ability of DCM/CO to increase mRNA levels for both enzymes ( Figure 2B ). After DCM/CO, HO-1 enzyme activity increased tenfold; once again this was abrogated by Nrf2 silencing ( Figure 2C ).
Nrf2 nuclear translocation involves not only Keap1 oxidation but Nrf2 phosphorylation. Because CO induces mitochondrial H 2 O 2 generation and Akt activation, 10 we compared the CO effects on Akt with Nrf2 nuclear translocation ( Figure 2D To determine whether Akt regulates Nrf2 translocation directly or excludes the Bach1 repressor from the nucleus, 32 HL-1 cells were treated with LY29 to inhibit PI3-kinase ( Figure 2D , bottom). Here DCM/CO causes half as much nuclear Bach1 accumulation, whereas Akt inhibition has no effect on nuclear Bach1 but Nrf2 translocation is reduced by Ϸ60%. Bach1 siRNA increased nuclear Nrf2 content by 38% with no change in Akt activity ( Figure 2D ), implying that CO modulates Nrf2 nuclear translocation via Akt independently of Bach1. 
HO-1 Increases Nrf2 Occupancy of NRF-1 Promoter ARE Motifs
CO induces NRF-1 mRNA and protein 10 ; thus to investigate a similar effect of HO-1 on NRF-1 expression, HL-1 cells were transfected with HO-1. By confocal microscopy, active HO-1 compared with empty vector increased NRF-1 expression and nuclear protein accumulation ( Figure 3A ). Simultaneous cotransfection with HO-1 and active Akt containing an amino-terminal myristoylation signal (my-Akt) yielded a further 3-fold increase in nuclear NRF-1 protein ( Figure 3A and 3B). These increases in nuclear NRF-1 are accompanied by 8-to 10-fold increases in the downstream expression of Tfam ( Figure 3B ), as well as in mtDNA copy number ( Figure 3C ). Because HO-1 expression is regulated by Nrf2, we checked for Nrf2-binding sites in the NRF-1 promoter, core ARE motifs conforming to RTGAYnnnGC or its reverse, 10 kb upstream of the TSS. 18 Seventeen consensus AREs were identified in the mouse and 13 on the plus-strand close to the NRF-1 TSS were investigated by ChIP analysis for Nrf2 interactions ( Figure 3D ) by analyzing immunoprecipitated DNA for enrichment by qPCR using primers flanking the ARE motifs. We found baseline Nrf2 occupancy to be minimal in control hearts, but after CO, found significant DNA enrichment at positions Ϫ1400, Ϫ3289, Ϫ3386 and Ϫ9829 bp ( Figure 3D ). The remaining ARE motifs did not respond to CO. These data demonstrate that after CO, Nrf2 regulates NRF-1 promoter activity at multiple sites.
Nrf2/HO-1 Induction of NRF-1 Regulates Mitochondrial Biogenesis and Opposes Cardiomyocyte Apoptosis
Cell protection assessed in rat H9c2 cardiomyoblasts with or without HO-1 overexpression before and after Dox is shown in Figure 4A . To connect nuclear Nrf2 to NRF-1 expression and the HO-1 protective function, we compared Nrf2 and NRF-1 expression before and after Dox as well as without or with HO-1 transfection. Nrf2-dependent NRF-1 responses were evaluated with 2 nuclear-encoded genes upregulated by NRF-1 with which Dox interferes, Tfam and PolRMT, and that regulate mitochondrial mRNA levels ( Figure 4A ). HO-1 transfection doubles mitochondrial Tfam and PolRMT protein and prevents Dox-mediated loss of these proteins ( Figure  4A ). The HO-1 protective effect is congruent with mitochondrial biogenesis at 24 hours as reflected in greater mitochondrial MTT reduction, increased citrate synthase (CS) expression ( Figure 4B ), and enhanced mRNA levels for mitochondrial-encoded OXPHOS proteins ND1 and COX subunit I ( Figure 4C ). Dox toxicity is characterized by loss of mitochondrial number and hence a fall in Mitotracker signal intensity within 24 hours ( Figure 4D ). Mitochondrial structure is modified from its normal fine reticulum to vesicles and aggregates ( Figure 4D , top images). In contrast, mitochondrial density in HO-1 overexpressing cardiomyocytes is greater than control, and the same Dox dose induces only sporadic mitochondrial structural changes ( Figure 4D , bottom images). Dox causes cardiomyocyte apoptosis, confirmed by caspase-3 cleavage, whereas HO-1 overexpression prevents and HO-1 silencing exacerbates caspase-3 cleavage ( Figure 4E , top gel). HO-1 overexpression promotes mitochondrial antiapoptotic protein expression, especially mitochondrial Bcl-X L (2.2-fold), compared with control cells (Figure 4E, bottom) . HO-1 overexpression also decreases DOX-induced mitochondrial phosphorylated Bad (Ser-128) by 6-fold and Bid by 3-fold, whereas siHO-1 increases total mitochondrial pBad and Bid ( Figure 4E ). Thus HO-1 facilitates Bcl-X L and opposes Bid and Bad expression and/or mitochondrial translocation, which contributes to an antiapoptotic mitochondrial phenotype.
HO-1 Regulation of Cardiomyocyte Survival Through Akt
Cardiac protection by HO-1/CO in conjunction with Akt stimulates NRF-1 nuclear translocation to activate mitochondrial biogenesis. A role for Akt in HO-1/CO mitochondrial protection against Dox was tested in Akt1-deficient mice crossed with reporter mice expressing mitochondrial-targeted GFP. Cardiac pathology in the GFP reporter mice along with hematoxylin/eosin and TUNEL stains is shown in Figure 5 . Akt Ϫ/Ϫ /GFP mice exposed to Dox show massive mitochondrial damage and cell death compared with wild-type (Wt) mice ( Figure 5A ) and interval CO treatment, which fully rescues mitochondrial damage and prevents necrosis in the Wt, is not effective in Akt Ϫ/Ϫ mice ( Figure 5A ). In addition, CO ameliorates Dox-induced apoptosis in Wt but not in Akt Ϫ/Ϫ mice ( Figure 5B ). Dox also introduces a spike in myocardial fibrosis, which CO prevents in Wt but not Akt Ϫ/Ϫ To further understand how Akt protects mitochondria, we examined GSK3␤, which is negatively regulated by Akt phosphorylation of Ser-9 in the pseudosubstrate domain. 33 A computer-assisted analysis of Nrf2 and Bach1 protein revealed no Akt but several canonical GSK3␤ motifs. Immunoprecipitation of Bach1 and Nrf2 and immunoblotting with anti-phospho-serine/threonine indicated that CO decreases phosphorylation of both Nrf2 and the suppressor, Bach1 ( Figure 6A ). In comparison, CO increases Akt and GSK3␤ protein phosphorylation in Wt but not in Akt1 Ϫ/Ϫ mice ( Figure 6B ). The parsimonious reason is that Akt Ϫ/Ϫ mice are unable to phosphorylate and inactivate GSK3␤ during HO-1 activation. Moreover, nuclear translocation of NRF-1 induced by CO in Wt mice is abrogated in Akt Ϫ/Ϫ mice ( Figure 6C ). Collectively, these findings indicate that Akt critically offsets the GSK3␤ effect on nuclear exclusion of Nrf2 as well as facilitates NRF-1 nucleoprotein accumulation.
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Discussion
The demonstration that HO-1 participates in cardiac mitochondrial biogenesis through the Nrf2 transcription factor, which confers resistance against electrophiles and xenobiotics, discloses several novel aspects of cell survival regulation with broad implications. Although we had previously implicated HO-1 in mitochondrial biogenesis through Akt1 activation, 10 it was not known that the pathway involves Nrf2 expression, downstream GSK3␤ blockade, and Nrf2 nuclear translocation leading to Nrf2-dependent activation of NRF-1 transcription. The findings thus establish HO-1/CO, by sequentially activating these 2 transcription factors, as a remarkable component of a prosurvival program of mitochondrial biogenesis linked to the cellular antioxidant defenses. 7, 34 The main antioxidant function of HO-1 has been thought to derive from the catalytic conversion of pro-oxidant heme to biliverdin, as well as from the induction of iron sequestration proteins. 4 A role for endogenous CO has been more difficult to elucidate because CO inhibits respiration, generates reactive oxygen species, and causes apoptosis, yet recapitulates certain protective effects of HO-1, 35 and as a pro-oxidant, induces antioxidant enzymes, including HO-1. 16, 17, 36 Although formation of the ferrous carbonyl may prevent indiscriminate redox cycling, loss of heme reactions interferes with cellular functions, and mitochondrial CO binding to the reduced a 3 heme of cytochrome c oxidase intensifies the Complex III H 2 O 2 leak rate. 37 The pro-oxidant chemistry of CO and regulation of HO-1 by Nrf2, 16, 21 a critical transcription factor for protection against electrophiles, inflammation, and chemical toxicity, 38 offered the possibility that Nrf2 might connect mitochondrial biogenesis with the antioxidant and xenobiotic defenses through a CO-based redox mechanism. Nrf2 protects against toxicants and carcinogens in part by activating phase II detoxifying genes, 38 -40 and it mediates CO induction of the rate-limiting enzyme for glutathione biosynthesis, 17 but the findings here are the first evidence of its role in mitochondrial biogenesis.
To explore nuclear regulation of mitochondrial genes by HO-1, we used CO to boost cardiac HO-1 activity, which also increased Nrf2 mRNA and Nrf2 nuclear protein levels. This HO-1 response, together with SOD2 induction was confirmed by gene silencing to depend in cardiomyocytes on Nrf2 activation by CO. Furthermore, cells transfected with mitochondrial-targeted catalase indicate that Nrf2/Akt activation is contingent on mitochondrial H 2 O 2 production. Classic oxidant activation of Akt entails reciprocal phosphatase inactivation, eg, PTEN, 41 which operates after CO binding to cytochrome c oxidase. 10 Akt also deactivates GSK3␤, which is thereby unable to prevent Nrf2 nuclear translocation. 27 In cardiomyocytes, HO-1 overexpression causes NRF-1, a key transcription factor required for mitochondrial biogenesis, to undergo nuclear translocation, and leads to mitochondrial importation of Tfam, the mtDNA transcription factor, and a log increase in mtDNA copy number. HO-1/CO regulates NRF-1 nuclear translocation through phosphorylation by Akt 15,10,42 with concurrent NRF-1 gene transcription under Nrf2 control.
The mouse NRF-1 proximal 5ЈUTR contains multiple ARE motifs, and after CO, 4 plus-strand sites are occupied by Nrf2. The Nrf2 affinities conform to the consensus ARE core motif; however, the short sequence is not the sole determinant of transcription factor binding. Nucleotides flanking the ARE core, as well as motif multiplicity and interactions with small Maf proteins, 43 contribute to differential recognition. Although extended ARE flanking sequences are vital for Nrf2 recognition, 44 -46 the extended motif requirements are not well defined. Although Nrf2 does bind individual motifs, ARE multiplicity enhances Nrf2 promoter-binding, and in silico analysis of the proximal 10kb of the NRF-1 5ЈUTR also reveals multiple ARE motifs in the rat and human.
HO-1/CO-mediated Nrf2 expression/translocation, coupled to mitochondrial biogenesis through Nrf2-Akt activation of HO-1 and NRF-1, opposes the toxicity of the chemotherapeutic, doxorubicin, in vitro and in vivo. Despite its antineoplastic efficacy, 30% of patients who receive doxorubicin develop dilated cardiomyopathy 47 oxidative mitochondrial damage, impaired NO signaling, mitochondrial biogenesis, respiratory gene suppression, and widespread intrinsic apoptosis. 2, 48, 49 Mechanistically, Akt1 Ϫ/Ϫ mice are especially susceptible to cardiac necrosis and apoptosis, but unlike Wt mice, cannot be rescued by CO, which no longer activates NRF-1 and Tfam for mitochondrial biogenesis. 10 This finding means that HO-1, in conjunction with other regulators of myocardial mitochondrial capacity, is fundamentally tied to the support of energy metabolism and the prevention of cell death. Figure 7 summarizes how HO-1/CO acts on Nrf2dependent gene expression to drive mitochondrial biogenesis. Endogenous CO enhances mitochondrial H 2 O 2 production, which activates Akt, alleviates cytoplasmic Nrf2 inhibition, and promotes Nrf2 gene expression. Akt phosphorylates and deactivates GSK3␤, releasing Nrf2 from inhibition. Nuclear Nrf2 occupies AREs in the HO-1, SOD2, and NRF-1 gene promoters, and facilitates the transcription and translation of all 3 proteins, whereas Akt phosphorylation of NRF-1 facilitates its translocation and activation of downstream genes required for mitochondrial biogenesis. 15 SOD2 scavenges mitochondrial superoxide and in its regulatory capacity 10, 11, 50 matches mitochondrial H 2 O 2 to the rate of heme turnover by HO-1. And notably, functional NRF-1 binding sites are found in the promoters of more than 100 genes involved in regulating the mitochondrial transcriptosome, OXPHOS, heme biosynthesis, protein importation, and mitochondrial protein synthesis. 13, 14 In conclusion, HO-1/CO promotes NRF-1 gene expression via Nrf2, which couples mitochondrial biogenesis to the expression of phase II detoxifying and antioxidant enzyme defenses through the cis-acting ARE. In this role, HO-1/CO critically protects against doxorubicin-mediated mitochondrial damage and cardiomyocyte death, and by implication, pulse CO should have a place in targeted mitochondrial therapy. The most important new idea is that mitochondrial biogenesis as a prosurvival factor is integrally connected by redox control to the cellular defenses against xenobiotic toxicity and oxidative stress. 
